Objective. This study aimed to examine whether rheumatoid arthritis (RA) is causally associated with type 2 diabetes (T2D). Methods. We performed a two-sample Mendelian randomization (MR) analysis using the inverse-variance weighted (IVW), weighted median, and MR-Egger regression methods. We used the publicly available summary statistics datasets from a genome-wide association studies (GWAS) meta-analysis of 5,539 autoantibody-positive individuals with RA and 20,169 controls of European descent, and a GWAS dataset of 10,247 individuals with T2D and 53,924 controls, overwhelmingly of European descent as outcomes. Results. We selected 10 single-nucleotide polymorphisms from GWAS data on RA as instrumental variables to improve the inference. The IVW method supported a causal association between RA and T2D (β=0.044, standard error [SE]=0.022, p=0.047). The MR-Egger analysis showed a causal association between RA and T2D (β=0.093, SE=0.033, p=0.023). In addition, the weighted median approach supported a causal association between RA and T2D (β=0.056, SE=0.025, p=0.028). The association between RA and T2D was consistently observed using IVW, MR Egger, and weighted median methods. Cochran's Q test indicated no evidence of heterogeneity between instrumental variable estimates based on individual variants and MR-Egger regression revealed that directional pleiotropy was unlikely to have biased the results (intercept=−0.030; p=0.101). Conclusion. MR analysis supports that RA may be causally associated with an increased risk of T2D. (J Rheum Dis 2019;26:131-136)
INTRODUCTION
Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by inflammatory changes in the synovial membranes and articular structures, leading to damaged bone structure, causing disability and a decreased quality of life [1, 2] . Type 2 diabetes (T2D) is characterized by pancreatic β cell dysfunction and insulin resistance [3] . RA is associated with increased cardiovascular morbidity and mortality [4] , and T2D is one of the most important risk factors for cardiovascular disease [5] .
Inflammation in RA is characterized by increased levels of mediators and cytokines (e.g., tumor necrosis factor-α [TNF-α] and interleukin-6 [IL-6]), which is associated with insulin resistance [6] . Several studies have focused on the risk of T2D in RA. A relationship between RA and T2D has been previously reported, although the evidence is inconsistent [7] [8] [9] . In a Canadian cohort of 48,718 patients with RA, the risk of T2D compared to a population of 442,033 healthy individuals was increased (hazard ratio 1.5, 95% confidence interval [CI] 1.4∼1.5) after adjustment on age, gender, and treatment with disease modifying antirheumatic drugs (DMARDs) or glucocorticoids [7] . In a Taiwan study from 600,695 adults including 4193 with RA, the relative risk (RR) of T2D in the group with RA was 1.68 (95% CI 1.53∼1.84) in males and 1.46 (95% CI 1.39∼1.54) in females [8] . RA and/or DMARDs used for the treatment of RA may affect the risk of diabetes mellitus by directly altering glucose metabolism; thus, they have been considered risk factors for T2D [10] . Meta-analysis of observational studies have shown that RA is associated with an increased risk of T2D (RR 1.24, 95% CI 1.14∼1.35) [11] . However, observational studies are prone to biases, such as reverse causation and residual confounding, thereby precluding a clear understanding of the effect of RA on T2D. Mendelian randomization (MR) is a technique that uses genetic variants as instrumental variables (IVs) to assess whether an observational association between a risk factor or exposure and an outcome is consistent with a causal effect [12] . A two-sample MR estimates causal effects, in which the exposure and outcome data are measured in different samples [13] . It is very useful in situations where measuring the exposure and outcome in the same set of individuals is difficult [13] . This study aimed to examine whether RA is causally associated with T2D, using a two-sample MR analysis.
MATERIALS AND METHODS

Data sources and selection of genetic variants
We searched the MR Base database (http://www.mrbase.org/), which houses a large collection of summary statistic data from hundreds of genome-wide association studies (GWASs). We used a GWAS meta-analysis of 5,539 autoantibody-positive individuals with RA and 20,169 controls of European descent [14] as exposures. A two-sample MR study of genetic variants associated with RA was used as the IV to improve the inference based on a linkage disequilibrium (LD) R 2 of 0.001, clumping distance of 10,000 kb, and p-value threshold of 5.00E-08 (genome-wide significance). We obtained summary statistics (beta coefficients and standard errors) for 10 single-nucleotide polymorphisms (SNPs) associated with RA as the IVs from RA GWAS [14] . We used a T2D GWAS of 10,247 individuals and 53,924 controls, overwhelmingly of European descent [15] , as the outcome.
Statistical analysis for Mendelian randomization
MR analysis requires genetic variants to be related to, but not potential confounders of, an exposure [16] . First, we assessed the independent association of 10 SNPs with RA. The 102 SNPs (101 loci) reported to be associated with RA from the largest published RA GWAS meta-analysis were from subjects of European and Asian ancestries [17] . However, a T2D GWAS dataset was of European descent as outcomes. In order to avoid confounding by ethnicity, we used other European RA GWAS dataset [14] . In addition, genes (polymorphisms) selected for MR should be independent and be available in both the RA and T2D GWAS datasets (exposure and outcome). Therefore, only the 10 genes met the criteria for the MR analyses [14] . Second, we examined the association between each SNP and the risk of T2D. Third, we combined these findings to estimate the uncompounded causal association between RA and the risk of T2D using MR analysis. We performed a two-sample MR, which is a method used to estimate the causal effect of an exposure (RA) on outcomes (T2D) using summary statistics from different GWAS datasets, To assess the causal relationships between RA and the risk of T2D, we used summary data from GWAS on RA and T2D along with their respective 10 SNPs, which were used as IVs. The IVW method uses a meta-analysis approach to combine the Wald ratio estimates of the causal effect obtained from different SNPs, and provides a consistent estimate of the causal effect of the exposure on the outcome when each of the genetic variants satisfies the assumptions of an IV [18] . Although the inclusion of multiple variants in an MR analysis results in increased statistical power, it has the potential to include pleiotropic genetic variants that are invalid IVs. To explore and adjust for pleiotropy (association of genetic variants with more than one variable), the weighted median and MR-Egger regression methods were performed. MR-Egger regression analysis accounts for the presence of unbalanced pleiotropy by introducing a parameter for this bias, thereby incorporating summary data estimates of the causal effect from multiple individual variants, which is robust to invalid instruments [19] . MR-Egger is a weighted linear regression of the gene-outcome coefficients on the gene-exposure coefficients [19] . The slope of this regression represents the estimate of the causal effect, and the intercept can be interpreted as an estimate of the average horizontal pleiotropic effect across the genetic variants [20] . The weighted median estimator provides a consistent estimate of the causal effect even when up to 50% of the information contributing to the analysis comes from genetic variants that are invalid IVs [21] . Compared to MR-Egger analysis, the weighted median estimator retains greater precision of the estimates [21] . Tests were considered statistically sig- nificant when p＜0.05. All MR analyses were performed using the MR-Base platform [22] .
Heterogeneity and sensitivity test
We assessed the heterogeneities between the SNPs using Cochran's Q-statistics [23] . The intercept represents the average pleiotropic effect across the genetic variants (the average direct effect of a variant with the outcome). An intercept that differs from zero (the MR-Egger test) indicates directional pleiotropy. We performed MR-Egger regression test to explore pleiotropy.
RESULTS
Instrumental variables for Mendelian randomization
We selected 10 independent SNPs from RA GWASs as the IVs; all of them were associated with RA at genome-wide significance ( Table 1) . Four of the 10 SNPs were positively associated with RA, and the association with rs9268145 was statistically significant (Figure 1 ). Figure 2 ). In addition, the weighted median approach supported a causal association between RA and T2D (β=0.056, SE=0.025, p=0.028) ( Table 1 , Figure 2 ). The association between RA and T2D was consistent with the IVW, MR-Egger, and weighted median methods. All these methods suggested a positive causal effect of RA on the risk of T2D. Therefore, the results of MR analysis may support a causal association between RA and T2D.
Heterogeneity and sensitivity test
Cochran's Q test indicated no evidence of heterogeneity between IV estimates based on the individual variants ( Table 2) . Heterogeneity is the variability in the causal estimates obtained for each SNP (i.e. how consistent is the causal estimate across all SNPs). No evidence of heterogeneity suggests increased reliability of MR estimates. In addition, MR-Egger regression revealed that directional pleiotropy was unlikely to have biased the results (intercept=−0.030; p=0.101).
DISCUSSION
Most of the well-conducted studies support that RA is associated with the development of T2D [7, 8] . The possible link between RA and incident T2D could be explained by the inflammatory responses associated with both conditions. Chronic systemic inflammation plays an important role in the pathogenesis of both RA and T2D [6] . RA is closely linked to the systemic inflammation induced by proinflammatory cytokines such as TNF-α and IL-6, which induce insulin resistance, which leads to T2D by blocking the function of insulin [24] . Inflammatory pathways are involved in the metabolic abnormalities in T2D. To prove the possible link between RA and incident T2D, genetic variants associated with the inflammatory responses would be selected and used in the MR analysis. However, there is currently no evidence demonstrating that both conditions have shared genetic mechanisms. And the use of DMARDs, such as hydroxychloroquine or tumor necrosis factor inhibitors for lowering the inflammatory response in patients with RA has been shown to reduce the risk of T2D, while glucocorticoid use is associated with an increased risk of T2D by deteriorating glucose tolerance [10] .
However, whether RA has a causal relationship with T2D remains unclear, as it was previously reported that the association of T2D with related factors may be a result of bias or confounding factors inherent to observational studies, including glucocorticoid therapy, use of DMARDs that influence the development of T2D, reverse causation, small study numbers and sizes, and selection biases [25, 26] . We used three different estimating methods (inverse variance weighting method, weighted median method, and MR-Egger regression) for MR analyses. The MR estimates using IVW, MR-Egger, and weighted median analysis were consistent and supported a causal association between RA and T2D. This MR analysis indicated a causal role of RA in the risk of T2D. Thus, our study corroborates the association found in previous observational studies [7, 8] . MR minimizes the possibility of bias inherent to observational studies due to residual confounding or reverse causality [27] . Although the inclusion of multiple variants in MR analyses typically leads to increased statistical power, it also results in the potential inclusion of pleiotropic genetic variants that are invalid IVs [28] . Therefore, approaches used in sensitivity analyses need to be applied to ensure the validity of conclusions drawn from the MR study. To eliminate pleiotropy, we employed a weighted median estimator, which provides valid esti-mates even when 50% SNPs are invalid instruments [21] ; in addition, we used MR-Egger regression to test for unbalanced pleiotropy and to determine the influence of the causal estimate exposure on the outcome [19] . The MR-Egger approach showed no evidence for unbalanced pleiotropy or a causal association between RA and T2D. Our weighted median estimator results were similar to those obtained using the IVW and MR-Egger approaches, thereby strengthening our confidence in these associations. Our data support previous observational studies that have shown a link between RA and T2D. The current findings may provide an opportunity to determine the underlying mechanisms of the effects of RA on the risk factors of T2D. However, limitations of the two-sample MR must be acknowledged [13] . The disadvantages of using summary data in two sample MR are similar to those of meta-analysis of summary data of randomized controlled trials; the quality of the pooled results is dependent on that of the individual studies. Also the following potential biases limit the evidence for causality from studies; pleiotropy which occurs when a genetic variant influences multiple phenotypic traits or has multiple biological effects, and canalization which refers to the compensatory effects of mechanisms that act to buffer any genetic effect in utero or after birth, and overlap with datasets of different size which is likely to lead to substantial bias in a "twosample", and lack of suitable polymorphisms for studying modifiable exposures of interest. The present study has several limitations. First, genetic variants have a modest effect on RA, as they explain only a small proportion of variance in a particular exposure [29] . This means that a very large number of cases are required to detect a causal relationship for the outcome of interest. Second, the study on T2D was based on participants of European ancestry. As causality may depend on ethnicity and selection bias, further MR studies are required in other populations for a better holistic understanding. Nevertheless, this meta-analysis also has strength. Unlike observational studies on associations between RA and higher risk of T2D, our study was not susceptible to bias from unmeasured confounders or reverse causation by adopting MR approaches and demonstrated that RA may play a causal role in the etiology of T2D. Although RA has been studied as a potential risk factor for T2D, an MR study has been never performed. To the best of our knowledge, this is the first MR study re garding the causal relationship between RA and T2D.
CONCLUSION
In conclusion, the MR analysis suggests that RA may be causally associated with an increased risk of T2D. MR estimates using IVW, weighted median, and MR-Egger analysis were consistent, and the results of MR analysis supported that RA was causally associated with an increased risk of T2D. The current findings may provide an opportunity to determine the underlying mechanisms of the effects of inflammation on the risk of T2D.
